Sour taste is detected by a subset of taste cells on the tongue and palate epithelium that respond to acids with trains of action potentials. Entry of protons through a Zn 2+ -sensitive proton conductance that is specific to sour taste cells has been shown to be the initial event in sour taste transduction. Whether this conductance acts in concert with other channels sensitive to changes in intracellular pH, however, is not known. Here, we show that intracellular acidification generates excitatory responses in sour taste cells, which can be attributed to block of a resting K + current. We identify K IR 2.1 as the acid-sensitive K + channel in sour taste cells using pharmacological and RNA expression profiling and confirm its contribution to sour taste with tissuespecific knockout of the Kcnj2 gene. Surprisingly, acid sensitivity is not conferred on sour taste cells by the specific expression of KIR2.1, but by the relatively small magnitude of the current, which makes the cells exquisitely sensitive to changes in intracellular pH. Consistent with a role of the K + current in amplifying the sensory response, entry of protons through the Zn 2+ -sensitive conductance produces a transient block of the K IR 2.1 current. The identification in sour taste cells of an acid-sensitive K + channel suggests a mechanism for amplification of sour taste and may explain why weak acids that produce intracellular acidification, such as acetic acid, taste more sour than strong acids.
proton channel | taste cell | gustatory | inward rectifier | potassium channel S our taste is mediated by a subset of taste cells on the tongue and palate epithelium that respond to acids with trains of action potentials and transmitter release (1) (2) (3) . Both strong acids, such as hydrochloric acid, and weak acids, such as acetic or citric acid, produce a sour sensation in humans and evoke sensory responses in nerve recordings in a variety of model organisms, including rat, mouse, and hamster (4) (5) (6) (7) . A number of molecules have been proposed to transduce sour taste, most recently the ion channel PKD2L1/PKD1L3 (8) (9) (10) (11) (12) , but their role in taste transduction remains unclear as subsequent studies using knockout mouse strains have failed to identify significant effects on sour taste (13) (14) (15) . Nonetheless, the Pkd2l1 gene serves as a useful marker for sour taste cells (also designated type III cells), which account for ∼10% of the ∼50-100 taste cells found in each taste bud (1, 9, 11, 16, 17) . Previously, using a Pkd2l1-YFP mouse, we showed that sour cells express a unique Zn 2+ -sensitive proton conductance, of unknown identity, that is likely to mediate the initial event in taste transduction (16) . Whether this conductance acts "alone" or in concert with other channels sensitive to changes in intracellular pH is not known. In this report, we provide evidence for a second component of the transduction cascade: a resting K + current, mediated by K IR 2.1 channels, which have an unexpected sensitivity to intracellular pH.
Several pieces of evidence argue for a second component of taste transduction, sensitive to intracellular acidification. First, it was demonstrated nearly a century ago (18) that weak acids, which can penetrate the cell membrane and acidify the cell cytosol, taste more sour than strong acids, at the same pH. Mirroring this effect, it is well established that the gustatory nerve response is greater when the tongue is stimulated with weak acids than with strong acids at the same pH, and varies both as a factor of pH and of the concentration of the undissociated acid (5, 19) . Similarly, calcium responses from sour-sensitive cells in slice recording can be evoked with weak acids at a higher pH compared with strong acids (20) . Moreover, we previously reported that action potentials can be elicited in sour taste cells in response to extracellular pH of 6.5-6.7, where the current carried by protons (2-3 pA) is unlikely to be sufficient to depolarize the cell (21) . All of these phenomena can be explained if intracellular acidification increases membrane excitability of sour taste cells. Indeed, it has been proposed that two-pore domain K + channels, several of which are expressed at high levels in sour taste cells, could serve as sensors of intracellular pH (22, 23) . However, to date, there is no direct evidence showing that sour taste cells are activated by intracellular acidification, and the molecular mechanisms by which intracellular acidification could excite sour taste cells remain largely unexplored.
Here, using genetically identified sour taste cells, we show that intracellular acidification, in the absence of extracellular acidification, is sufficient to produce robust trains of action potentials in sour taste cells but not in taste cells that detect bitter, sweet, and umami. Intracellular acidification blocks an inwardly rectifying K + current in sour taste cells, which we identify as K IR 2.1
Significance
Among the five basic tastes, sour is one of the least understood. Notably, the sour receptor remains to be identified, and molecular mechanisms by which sour stimuli are detected are largely not known. Previous work has shown that H + ions can directly enter sour taste cells, eliciting a change in membrane potential and acidification of the cell cytosol. In the present work, we identify a second element of sensory transduction, a K + channel, K IR 2.1, which is inhibited by intracellular acidification. The presence of an acid-sensitive K + channel in sour taste cells allows for amplification of the sensory response and may explain why weak acids that produce intracellular acidification, such as acetic acid, taste more sour than strong acids.
based on expression profiling and pharmacological analysis, and confirm using a newly developed, cell-type-specific K IR 2.1-knockout model. We propose that block of the resting K + current in sour taste cells contributes to the taste of weak acids and provides a mechanism for amplification of the sensory response.
Results

Sour Taste Cells Respond to Intracellular Acidification with Action
Potentials. To determine whether sour taste cells respond electrically to intracellular acidification, we measured action potentials in cell-attached recording from freshly isolated taste receptor cells from mouse circumvallate papillae (CV). Sour taste cells were identified by expression of YFP from the Pkd2l1 promoter (PKD2L1 cells), and responses were compared with those obtained from nonsour taste cells, identified by GFP expression from the Trpm5 (transient receptor potential M5) promoter in a double-transgenic mouse (24, 25) . Healthy, electrically excitable cells were identified using 2 mM Ba 2+ , which blocks resting K + channels and elicits action potentials in both cell types ( Fig. 1 A and B) . To acidify the cell cytosol, we used acetic acid (AA) and propionic acid (PA), weak acids that partition in the lipid bilayer in their protonated form and are able to shuttle protons across the cell membrane (26) (27) (28) . Each acid was used at a concentration of 100 mM and pH of 7.4, which generates ∼0.3 mM of the membrane permeable form. As can be seen in Fig. 1 A and B, the two weak acids evoked robust action potential firing in PKD2L1 cells, whereas no action potentials were elicited in response to the two weak acids in TRPM5 cells. As a control for removal of Cl − , we used methane sulfonic acid (MA), which is a strong acid and cannot shuttle protons across the cell membrane. MA was without effect on PKD2L1 cells ( Fig. 1 A and B) . We also measured responses from PKD2L1 cells isolated from foliate (FL) papillae on the sides of the tongue, and compared the results with those obtained using cells isolated from the CV (Fig. S1) ; no difference in responses were detected; thus, all additional experiments were done using cells from the CV. We conclude that intracellular acidification is sufficient to activate taste cells that express PKD2L1 and mediate sour taste, but not taste cells that express TRPM5 and mediate bitter, sweet, and umami taste.
Intracellular Acidification Blocks Resting K
+ Currents in PKD2L1 Cells.
Intracellular acidification could generate membrane depolarization either by activating excitatory, Na
-permeable, channels, or by inhibiting K + channels (3, 28) . We previously tested whether weak acids could activate an inward Na + -or Ca 2+ -permeable current in PKD2L1 cells and failed to find any difference in the magnitude or reversal potential of the inward current evoked in response to pH 5 with or without acetic acid (16) . We also tested whether the channel complex formed from PKD2L1/PKD1L3 contributes to the response to weak acids (29) . Cells isolated from Pkd1l3 −/− animals responded vigorously to 100 mM AA and 100 mM PA (pH 7.4), and no difference in response intensity could be detected between knockout animals and wild-type (WT) littermates (two-way ANOVA, P = 0.37; Fig. 1 C and D) . Because PKD1L3 is required for membrane trafficking of the PKD2L1 (9), we conclude that PKD2L1/PKD1L3 does not contribute to the depolarization in response to intracellular acidification.
We next tested whether, instead, cytosolic acidification had an effect on the resting K + currents in PKD2L1 cells, measured by elevating extracellular K + to 50-140 mM. The inward K + current (at −80 mV) was unaffected by lowering the pH of the extracellular solution (to pH 6.0), but was strongly inhibited by 20 mM acetic acid, pH 6.0, a condition that acidifies the cell cytosol (27) (Fig. 2 A and  B) . The block by acetic acid developed over tens of seconds and recovered over a similar time course ( Fig. 2A) , as expected if the protonated form of the acid must enter the cell to block the channel.
Identity of the Acid-Sensitive Resting K + Current. To identify candidates to mediate the resting K + current in PKD2L1 cells, we analyzed the transcriptome of lingual epithelium containing circumvallate papillae and compared it with the transcriptome of nontaste epithelium (NT) (Fig. 2C) . We focused on inward rectifier channels (K IR family) and two-pore domain K + channels (K 2P ), based on our preliminary results, and known functions of these channels in mediating the resting potential in other cell types. Altogether, we detected moderate-to-high expression of eight K IR channels and five K 2P channels in taste tissue (Fig. 2C) ; four additional K 2P channels were detected at low levels and were not pursued further. The eight K IR channels (K IR 2.1, 2.2, 3.1, 3.4, 1.1, 4.2, 6.1, and 6.2) included two that were previously identified in taste cells: K IR 1.1 (ROMK1), which is expressed by type I taste cells (30) , and K IR 6.1, a component of a K ATP channel, expressed by type II taste cells (31) . Among the five K 2P channels (Task2, Trek1, Twik1, Twik2, and Twik3), we observed particularly high expression of Twik1 (KCNK1) and lower expression of Task-2, which were previously reported to be expressed in taste tissue (22, 23) . As a control, we examined expression of Pkd2l1 and Trpm5; both were highly and specifically expressed in taste tissue, as expected (Fig. 2C) .
We next used pharmacological profiling to determine which among the 13 K IR and K 2P channels mediates the resting K + current in PKD2L1 cells. Of the K + channel blockers tested (32, 33), the resting K + current in PKD2L1 cells was sensitive The numbers of cells tested are indicated above the bars. By one-way ANOVA, there was a significant difference in the response of PKD2L1 cells to AA and PA compared with MA. Asterisks indicate P value from Tukey's post hoc test. ***P < 0.001, ****P < 0.0001. By two-way ANOVA, there was a significant difference in the response to weak acids between cell types (P < 0.0001), but no difference between the response to the two weak acids (P = 0.70). Asterisks indicate P value from Tukey's post hoc test. *P < 0.05, ***P < 0.001. (C) Action potentials evoked in a PKD2L1 cell from CV of a Pkd1l3 −/− animal in response to 100 mM AA, 100 mM PA, or 2 mM Ba
2+
. (D) Average data from experiments as in C. By two-way ANOVA, there was no significant difference in response to acidic stimuli (MA, PA, and AA) across genotypes (P = 0.37).
only to 1 mM Ba 2+ and 1 mM Cs + (Fig. 2 D and E; one-way ANOVA, P < 0.0001). Notably, the current was insensitive to quinine ( Fig. 2E) , excluding contributions from Twik1-3 (sensitivity to Cs + excludes the remaining K 2P channels). The current was also insensitive to tertiapin-LQ (targets K IR 1.1 and K IR 3.1/3.4), glibenclamide (targets K IR 6.1 and 6.2), tetraethylammonium (TEA), 4-aminopyridine (4-AP), and linopiridine (target Kv and KCNQ channels) (Fig. 2E) 50 values of 169 ± 8 and 194 ± 19 μM, respectively), whereas heterologously expressed K IR 2.2 showed a significantly higher sensitivity to Cs + (118 ± 9; P < 0.05 by one-way ANOVA followed by Tukey's multiple-comparison test). Sensitivity to Ba 2+ was even more informative. Ba 2+ blocked the K + current in PKD2L1 cells with an IC 50 of 2.1 ± 0.4 μM (measured at −80 mV), which was not significantly different from the IC 50 for inhibition of K IR 2.1 (1.4 ± 0.2 μM; Fig. 3 C and D) , but considerably different from the IC 50 of either K IR 2.2 or K IR 4.2 (0.23 ± 0.06 and 5.8 ± 0.8 μM, respectively; P < 0.0001 and P < 0.01 by one-way ANOVA followed by Tukey's multiple-comparison test). Finally, we tested the K IR 2-specific blocker ML133, which has a reported IC 50 of 1.9 μM for K IR 2.1 (34) . ML133 (50 μM) blocked the resting K + current in PKD2L1 cells by ∼90%, similar to its effect on K IR 2.1 and K IR 2.2, whereas K IR 4.2 was virtually insensitive to ML133 ( Fig. 3 E and F) . Moreover, we observed an increase in the rate of inhibition by ML133 when the pH of the extracellular solution was raised to 8.5, as previously described for K IR 2.1 ( Fig. S2) (34) . Thus, based on sensitivity to Ba 2+ , Cs + , and ML133, we conclude that the resting K + current in PKD2L1 cells is mediated by K IR 2.1.
Sensitivity to intracellular acidification is not a well-documented feature of K IR 2.1 as it is for other K IR and K 2P channels (35, 36) . We therefore tested whether heterologously expressed K IR 2.1 channels could be blocked by intracellular acidification. Indeed, K IR 2.1 currents were potently inhibited by 20 mM acetic acid, pH 6, and to a similar degree as currents in PKD2L1 cells ( Fig. 4A ; compare with Fig. 2A ), but not by extracellular acid alone (Fig. 4 A-C) . Moreover, in excised patches of cells heterologously expressing K IR 2.1 channels, we found that exposure of the cytoplasmic surface to acidic pH (pH <6) produced a rapid and partially reversible block of channel activity (Fig. 4D ). 
Inhibition (%) CV NT Thus, among K + channels expressed in taste epithelium, K IR 2.1, with a pharmacological profile nearly identical to that of the resting K + current in PKD2L1 cells, including a similar sensitivity to intracellular acidification, is a strong candidate for mediating the resting K + current of PKD2L1 cells.
Tissue-Specific Knockout Confirms the Contribution of K IR 2.1 to the Resting K + Current. To further determine whether K IR 2.1 accounts for the resting K + current in PKD2L1 cells, we measured currents in cells isolated from mice carrying a targeted deletion of the gene. Because knockout of K IR 2.1 is neonatal lethal (37) and it is difficult to identify sour taste cells by expression of YFP at birth, we chose to use a tissue-specific gene deletion strategy. To this end, we used a mouse strain carrying a floxed allele of Kcnj2 (Methods) and crossed it to a mouse strain in which the Pkd2l1 promoter drives expression of Cre recombinase. Based on use of a floxed Tdt reporter, Cre is expected to be active in ∼79% of the Pkd2l1-expressing cells, and only in Pkd2l1-expressing cells in the circumvallate papillae ( Fig. 5A and Fig.  S3 ). We confirmed that Kcnj2 was inactivated in taste tissue using a PCR strategy designed to detect the deletion event (Fig. S4) .
The resting K + current in animals carrying two floxed alleles of Kcnj2 and one allele of Pkd2l1-Cre (cKO) was compared with that in littermates that carried either the floxed allele or the Pkd2l1-Cre driver alone. As shown in Fig. 5 B-D, the average magnitude of the resting K + current in the cKO animals was significantly reduced compared with either control group (oneway ANOVA followed by Tukey's post hoc test, P < 0.001 compared with Cre + and P < 0.01 compared with Kcnj2 fl/fl ). We also measured sensitivity of the current to 1 μM Ba 2+ , a concentration that is expected to produce ∼50% block of K IR 2.1. Ba 2+ produced a substantial (>15%) block of the inward K + current in all cells isolated from WT mice (18 of 18), whereas in a significant proportion cells from the cKO, the inward current was Ba
-insensitive (4 of 18; P < 0.05 by one-tailed χ 2 test; Fig.  5E ). These cells tended to be the ones with the smallest inward current, and thus likely represent cases where the Kcnj2 gene was completely excised and the K IR 2.1 protein eliminated. In the remaining cells, the observation that the residual current retained sensitivity to Ba 2+ indicates that it is not a product of a compensatory increase in the expression of a different subtype of ion channel, but instead likely represents incomplete elimination of the Kcnj2 gene product. Thus, tissue-specific knockout of Kcnj2 significantly reduces the magnitude of the resting K + current in PKD2L1 cells and eliminates the current in a subset of cells, lending support to the conclusion that K IR 2.1 mediates this current. (Fig. 1) , and we therefore measured the resting K + current in these cells. To our surprise, we found that the resting K + current in TRPM5 cells was inhibited by exposure to weak acids (Fig. 6A) generated a cell type-specific knockout of Kcnj2, this time using the Advillin promoter (38) , which drove expression of Cre in ∼71% of TRPM5 cells (Fig. 7A and Fig. S5 ). We then measured the resting K + current in cKO and control cells ( Fig. 7 B and C) . Although there was no change in the average magnitude of the current (Fig. 7D) , the Ba 2+ -sensitive resting K + current was eliminated in a subpopulation of cKO cells (5 of 24) but not in any control cells (0 of 13; P < 0.05; one-tailed χ 2 test) (Fig. 7E ). This supports the interpretation that K IR 2.1 contributes to the resting K + current in TRPM5 cells. We next determined whether TRPM5 cells and PKD2L1 cells acidified to the same extent in response to the weak acid stimuli. Freshly isolated cells were loaded with the pH-sensitive dye phrodo red, and fluorescent intensity was monitored under the same conditions used to measure action potentials in cellattached recording. As we previously reported, PKD2L1 cells had an initial starting pH that was acidified compared with that of TRPM5, a phenomenon that can be attributed to proton leak through ungated proton channels in these cells (21) . There was, however, no difference in the final pH reached in response to the weak acid solutions between cell types (pH 6.47 ± 0.08 in TRPM5 cells versus 6.34 ± 0.05 in PKD2L1 cells, P = 0.43 by two-way ANOVA followed by Sidak's multiple-comparison test; Fig. S6 ).
Thus, TRPM5 cells express a resting K + channel sensitive to intracellular pH and show a drop in intracellular pH in response to weak acids, similar to that in PKD2L1 cells. Why then do they not fire action potentials to weak acids? In contemplating this question, we noticed that there was one important difference between the resting K + currents in PKD2L1 and TRPM5 cellsthe K + currents were severalfold larger in TRPM5 cells compared with PKD2L1 cells (Fig. 8 A and B) . The larger K + current is expected to more effectively clamp the resting potential of TRPM5 cells, reducing sensitivity to K + channel blockers such as intracellular acidification. To test this hypothesis, we used a low concentration of Ba 2+ (10 μM) to reduce the magnitude of the resting K + current in the TRPM5 cells to the level observed in PKD2L1 cells (Fig. 8 A and B) . We then asked whether under these conditions TRPM5 cells would fire action potentials to weak acids. Indeed, when primed with 10 μM Ba 2+ , which alone did not stimulate action potentials, the TRPM5 cells fired action potentials to weak acid stimulation (Fig. 8 C and D) . These data are consistent with the hypothesis that the acid-sensitive K IR 2.1 channels mediate responses to weak acids in PKD2L1 cells; the small magnitude of this current, relative to other conductances, and not its identity, restricts acid sensitivity to these cells. -Sensitive Conductance. The pH sensitivity of K IR 2.1 makes it well suited to be part of the sour transduction machinery, acting to transduce cellular acidification into a change in membrane potential. Intracellular acidification can be elicited in PKD2L1 cells when protons enter through an apical conductance. In the previous experiments, we took safeguards to prevent proton entry through the proton conductance, which would have generated an increase in the inward current and confounded interpretation of the results. Thus, whenever the extracellular solution was acidified, we added Zn 2+ (2 mM) to block the proton current (16, 21) . To determine whether entry of protons through the proton conductance could block the resting K + current in PKD2L1 cells, we simply measured the response to extracellular acidification in the absence of Zn 2+ . As seen in Fig.  9 A and B, the resting K + current was inhibited when the pH of the extracellular solution was lowered to 6.0 in the absence of Zn 2+ (48 ± 7% at 120 s), but not in its presence (13 ± 5%). A similar block of the K + current in TRPM5 cells was not observed (Fig. 9A) , consistent with the observation that these cells do not have a proton current (16, 21) .
These data suggest that there are two components to the sensory response to sour stimuli: H + entry through a proton channel and intracellular acidification, which blocks resting K + channels. To determine whether the two components act synergistically, we tested the response to two subthreshold stimuli: mild extracellular acidification (pH 7.0) and a low concentration of acetic acid (0.1 mM of protonated acid; Methods) either alone or in combination. Neither alone was sufficient to stimulate action potentials, but together they strongly activated PKD2L1 cells ( Fig. 9 C and D) . At more acidic pH (6.6), action potentials were evoked even in the absence of the weak acid as we previously reported (21) , and addition of the weak acid did not produce a significant change in firing rate.
Together, these results suggest that protons serve not only as charge carriers to generate membrane depolarization but also as second messengers that amplify the primary sensory response (Fig. 10) .
Discussion
Based on the observation that many of the most potent sour stimuli are weak acids, it has long been speculated that intracellular acidification plays an important role in the transduction of sour taste (5, 19, 39) . Consistent with this possibility, here we show for the first time (to our knowledge) that intracellular acidification alone, in the absence of extracellular acidification, can excite sour taste cells. We identify the mechanism by which intracellular acidification excites sour taste cells, as block of a resting K + current, whose molecular identity we reveal to be K IR 2.1. Surprisingly, K IR 2.1 is not specifically expressed by sour taste cells, and thus sensitivity to acids is not conferred by the expression of the channel alone. Instead, we find that sensitivity to weak acids can be attributed to the small magnitude of the current in the PKD2L1 cells compared with cells that are acid insensitive, such as taste cells responsive to bitter/sweet and umami (TRPM5 cells). Finally, we show that block of the resting K + current can also be elicited by elevation of protons following entry through a Zn 2+ -sensitive conductance, which is the first step in the transduction of strong acids (16) . This provides a mechanism for amplification of the sensory response. This mechanism is very different from a recently proposed mechanism for detection of acids by chemosensory neurons in the retrotrapezoid nucleus, which use a proton-activated receptor, GPR4, in combination with a K2P channel sensitive to extracellular pH (TASK-2) (40).
Acid-Sensitive Resting K Current Is Mediated by K IR 2.1, Not KCNK1.
Block of K
+ channels that are open at the resting membrane potential (resting K + channels) has previously been suggested as a potential mechanism for sour transduction, although the specific elements of such a pathway have been uncertain. Using the mudpuppy, it was found that extracellular protons block apically located K + channels (41, 42) , but this mechanism does not appear to apply to other more conventional model systems. More recently, K + (K 2P ) channels, which are sensitive to either intracellular or extracellular protons and thus are well suited to play a role in sour transduction were identified in rodent taste cells (22, 23) . However, although electrophysiological properties of each type of taste cell have been described (43, 44) , before our study, very little was known about the molecular nature of the K + channels that set the resting potential in taste cells and their sensitivity to intracellular or extracellular acidification.
Our data show that there is an acid-sensitive resting K + current in sour cells, but that this current is not mediated by the K 2P channel Twik1/KCNK1 (22, 23) . Although we found that KCNK1 was expressed at significantly higher levels than other K 2P or K IR channels, we were unable to detect a current with the pharmacological profile of KCNK1. We calculate that KCNK1 contributes no more than 1% to the resting K + current (Fig. S7) .
Instead, pharmacological and molecular profiling indicate that K IR 2.1 channels mediate the resting, acid-sensitive K + current in sour taste cells. This is supported by the observation that the resting K + currents in PKD2L1 cells from a tissue-specific K IR 2.1 KO mouse are significantly reduced in magnitude, and in a subset of PKD2L1 cells, the K + current is completely eliminated. We did not expect to observe a complete elimination of the current in all cells because a reporter for the driver showed activity in only 70% of PKD2L1 cells. The same argument applies to TRPM5 cells, where the promoter that we used to drive expression of Cre, is effective at most in ∼70% of cells and fewer if one considers only cells that show strong expression of the reporter (∼50%). Moreover because the Pkd2l1 Cre driver is expressed by mature neurons, it is only expected to excise the floxed allele at a time when there may already be significant expression of ion channels; under these circumstances, elimination of the current would only be observed if the existing protein has turned over and both alleles of Kcnj2 were inactivated. Given the short lifetime of taste cells (∼22 d) (45) , the likelihood that all these events occur before a cell dies is low. Nonetheless, the significant reduction in the resting K + current in the tissuespecific KO mice, together with our pharmacological and expression profiling data, provide strong evidence that K IR 2.1 is required for the resting K + current in sour taste cells. K IR 2.1 is an unexpected player in sour taste transduction, as the channel was not previously known to be expressed in taste cells or to be associated with sensitivity to intracellular acidification. Notably, K IR 2.1 is much less sensitive to intracellular acidification than other inward rectifiers, such as K IR 2.3 and K IR 1.1 (35) . Nonetheless, K IR 2.1 can be inhibited at a sufficiently low intracellular pH (≤5.5; our data and ref. 35) . Moreover, we find that K IR 2.1 can be blocked in whole-cell recording by weak acids that activate sour taste cells. Under these conditions, the block is slow because the concentration of the protonated form of the weak acid is low, and protons can diffuse out of the cell and into the pipette. We speculate that the reduced sensitivity of K IR 2.1 to intracellular pH may be advantageous in the context of the sour taste cell, which is acidified at rest (21) . Indeed, we do not know the extent of intracellular acidification that occurs in intact taste cells during sensory stimulation, but assuming that proton entry occurs through channels located on sensory microvilli, it is likely that local concentrations of protons could be very high (46) . Under these conditions, a less sensitive channel, like K IR 2.1, would be better able to sense dynamic changes in intracellular pH.
The Magnitude of the Current, and Not the Identity, Determines Sensitivity to Acids. Our experiments show that, among taste cells, only those that mediate sour taste respond to intracellular acidification with action potentials. However, quite unexpectedly this response cannot be attributed to the expression of a highly specialized ion channel whose distribution is restricted to sour taste cells. Instead, sensitivity to intracellular acidification is conferred by a relatively ubiquitous ion channel, K IR 2.1. K IR 2.1 (IRK1/KCNJ2) was the first member of the family of inward rectifier ion channels to be identified (47) , and it is expressed broadly in the brain, heart, vascular smooth muscle cells, skeletal muscle, and throughout the body (47) . Our data also indicate that K IR 2.1 mediates the resting K + current in TRPM5 cells, which are unresponsive to weak acids that stimulate action potentials in PKD2L1 cells. In an attempt to reconcile these findings, we found one way in which the resting K + currents in TRPM5 and PKD2L1 cells differed substantially-in their magnitude. As previously reported (44), the resting K + currents in TRPM5 cells are severalfold larger than those of PKD2L1 cells. This difference in the magnitude of the K + current can completely account for the difference in sensitivity to intracellular acidification between the two cells types as inhibition of the K + currents in TRPM5 cells to the level observed in PKD2L1 cells rendered the TRPM5 cells responsive to intracellular acidification. Thus, a smaller K + current, as found in PKD2L1 cells, makes the cells more responsive to intracellular acidification.
To gain a quantitative appreciation of this phenomenon, we consider two hypothetical cells that vary only in the magnitude of their resting K + current. The first cell (representing the PKD2L1 cell) has a mixed cation conductance of 0.25 nS and a resting K + conductance of 1 nS. A resting potential of −67 mV is calculated from the equation:
where G K and E K are the K + conductance and equilibrium potential, G C and E C are the cation conductance and cation equilibrium potential, and the K + concentration is assumed to be 5 mM outside the cell and 140 mM inside it (48) . The same equation can be used to show that it would be necessary to block 60% of the K + current to reach threshold for firing action potentials (assumed to be −50 mV). Now consider another cell (a TRPM5 cell), with a similar resting cation conductance, but a threefold larger K + conductance (3 nS). The resting potential of this cell is calculated to be −77 mV. Block of 50% of the current will depolarize the cell to −72 mV. In this cell, it is necessary to block 87% of the current to depolarize the cell to a threshold of −50 mV. Thus, one can see that, in moving from a cell with a small resting K + current to one with a larger current, the fractional block of the current required to reach threshold has increased substantially, from 60% to 87%. If one further assumes a single-site binding site model for block of the channel, this translates into a need for a ∼4.5-fold higher concentration of intracellular protons to bring the TRPM5 cell to threshold compared with the PKD2L1 cell (Methods). Thus, without considering other conductances, the smaller K + current in PKD2L1 cells is expected to make the cells much more sensitive to intracellular acidification compared with TRPM5 cells.
It is also worth noting that, among a variety of cells tested, only PKD2L1 cells have an inward proton conductance, which can act upstream of the acid-sensitive K + channel (21) . Thus, in other cells in the taste bud, the only way that the cytosol can be acidified is by penetration of weak acids. Although these factors make it unlikely that in vivo TRPM5 taste cells will fire action potentials to acids, we cannot rule out the possibility that intracellular acidification might modulate the response of TRPM5 cells to bitter, sweet, and umami stimuli. Moreover, because we looked only at the aggregate behavior of TRPM5 cells, it is possible that a small subset of TRPM5 cells responsive to one taste quality could show heightened sensitivity to intracellular acidification, and possibly even fire action potentials under some conditions. Does This Explain the Sour Taste of Weak Acids? It was noted nearly a century ago that at the same pH, organic weak acids evoke a more intense sour sensation than strong mineral acids (18) . This has been attributed to the ability of weak acids, in the protonated form, to penetrate the cell membrane, and upon entering the cell, release a proton (28) . Cytosolic acidification could then affect membrane excitability and/or transmitter release. Consistent with this hypothesis, a previous study found that the gustatory nerve response was better correlated with the ability of sour stimuli to acidify the cytosol, rather than the absolute concentration of free protons they contained (5) . Similar results were found in recordings from a slice preparation of lingual epithelium, where focal application of sour stimuli elicited calcium responses in taste cells that correlated with the degree of intracellular acidification (20) To our knowledge, our experiments are the first to directly show that intracellular acidification alone, in the absence of extracellular acidification, increases cellular excitability in identified sour taste cells. For these experiments, we used two organic weak acids, acetic acid and propionic acid, which due to their small size and relatively high pK a values (4.76 and 4.88, respectively) can acidify the cell cytosol when used at neutral pH (27) . Application of these acids at neutral pH caused a similar degree of intracellular acidification in both TRPM5 and PKD2L1 cells, but only PKD2L1 cells fired action potentials. However, it is worth noting that, in the intact epithelium where taste buds are surrounded by a relatively impenetrable barrier, weak acids may not enter taste cells unimpeded (49) . Alternatively, weak acids may be effective sour stimuli because they buffer pH, protecting protons from absorption by salivary proteins. The extent to which penetration of weak acids into taste cells and the buffering capacity of weak acids contributes to the intensity of sour taste perception remains to be determined. -sensitive proton conductance (Fig. 10) . Indeed, we find that the K IR 2.1 current in sour taste cells can be blocked by extracellular acidification, when protons are allowed to enter the cell through the Zn 2+ -sensitive conductance. Block of resting K + channels would reduce the extent of proton entry needed to depolarize the sour taste cell to threshold, and thereby enhance the detection of small signals. This may explain how taste cells can respond to bath acidification as mild as pH 6.7, which produces a proton current of only a few picoamperes (21) . Moreover, it is possible that K IR 2.1 channels are localized in close proximity to proton channels, facilitating interaction between the two molecules.
Amplification is a common theme in sensory biology and is usually associated with signaling by G-protein-coupled receptors that activate a cascade of intracellular events (50, 51) . Our proposed mechanism, on the other hand, is most similar to the mechanism of amplification observed in the olfactory system where calcium entering through cyclic-nucleotide gated ion channels acts on chloride channels, which further depolarize the cell membrane (52, 53) . This mechanism allows the cell to respond to odorants under circumstances where extracellular ions are limited. Similarly, the use of an intracellular amplification step for sour taste transduction is expected to enhance signaling while limiting the need for excessive proton entry that might be cytotoxic. Taken together, our experiments provide evidence for the participation of the inward rectifier K + channel, K IR 2.1, as a key element in sour taste transduction. Notably, we find that K IR 2.1 is blocked by intracellular acidification and acts downstream of proton channels to enhance electrical excitability. Working in tandem, the proton conductance and K IR 2.1 channel constitute an elegant mechanism for amplification of the sensory response to sour stimuli.
Methods
Animals. All methods of mouse handling were approved by the University of Southern California Institutional Animal Care and Use Committee. Mouse strains Pkd2l1-YFP, Pkd1l3
−/− were previously described (14, 16) . Mouse strains Kcnj2 fl/fl , Pkd2l1-Cre are described in SI Methods. Avil-Cre mice were a kind gift from the Peter Heppenstall Laboratory, European Molecular Biology Laboratory, Monterotondo, Rome (38) .
Taste Cell Isolation. Taste cells were isolated from adult mice (6-10 wk old) as previously described (16, 21) . In brief, Tyrode's solution containing 1 mg/mL elastase (Worthington), 2.5 mg/mL dispase II (Roche), and 1 mg/mL trypsin inhibitor (Sigma-Aldrich) was injected between the epithelium and the muscle of the isolated tongue, which was incubated for 20 min in Tyrode's solution bubbled with 95% O 2 /5% CO 2 . The epithelium was then peeled off from the tongue. The small piece of epithelium containing the papillae was further trimmed and incubated in the enzyme mixture for 20 min at room temperature. The reaction was stopped by washing the tissue in Ca 2+ -free saline. Single cells were isolated by trituration in Tyrode's solution with a fire-polished Pasteur pipette and were used within 6 h.
Taste Cell Recording. Taste cells were prepared for patch-clamp recording as previously described (16, 21) . Data were collected with an Axopatch 200B amplifier using pClamp software suite (Axon Instruments), and time course measurements and I-V curve were graphed with Origin 6 (OriginLab). For cell-attached recording, we selected for cells that were healthy and able to fire action potentials, using 2 mM Ba 2+ , which elicited action potentials more reliably in both PKD2L1 and TRPM5 cells compared with high K + (16). In addition, we selected for cells with intact apical processes, based on the flask-like shape of the cell, and presence of apically located YFP. Firing rates were measured within the interval of 0.4 to 4 s following application of stimuli unless otherwise stated. The evoked frequency was calculated after subtraction of the background frequency, measured during the 10 s before application of the stimulus. Note that the amplitude of the spikes measured in a single cell varied during recordings; this can be attributed to changes in the availability of Na + channels, which may not fully recover from inactivation when resting K + channels are blocked to changes in the seal resistance, which can affect spike amplitude. For whole-cell recording, the membrane potential was held at −80 mV, the voltage was ramped from −80 to +80 mV (1 V/s), and the current was measured at −80 mV. For testing the dose dependence of inhibition by Ba 2+ and Cs + of the resting K + current (Fig. 3 A-D) , series resistance compensation was performed.
Solutions. Solutions for electrophysiology were exchanged using a piezodriven stepper motor system (SF-77B; Warner Instruments Fig. 9A , Hepes concentration was 10 μM. Tyrode's solution contained the following (in mM): 140 NaCl, 5 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 Hepes, and 10 D-glucose, pH 7.4. Sodium solution was as follows (in mM): 150 NaCl, 10 Hepes, and 2 CaCl 2 , pH 7.4. For recording action potentials, the tested solutions contained the indicated concentration of acid (in mM), which replaced equimolar Cl − , and the pH was adjusted with NaOH. In Fig. 9 C and D, the pH 7.4, pH 7.0, and pH 6.6 solutions have 43.7, 17.5, and 7 mM overall acetic acid, respectively, to generate a final concentration of 0.1 mM protonated form. For whole-cell recordings, 50 mM KCl (Figs. 2E, 3 E and F, 5, 6B, 7, 9 A and B), 100 mM KCl (Fig. 3 A-D and 8 A  and B) , or 140 mM KCl (Figs. 2 A and D, and 6A ) and labeled concentrations of TEA replaced equimolar NaCl in the extracellular solution. For solutions of pH ≤6.6, Mes replaced Hepes. In excised patch, the pipette solution was as follows (in mM): 150 KCl, 2 CaCl 2 , 10 Hepes, pH 7.4. The extracellular solution was 150 KCl, 10 Hepes or 10 Mes, 1 EDTA, 1 EGTA, pH 7.4 with KOH or HCl.
Chemicals. Glibenclamide and Tertiapin-LQ, bupivacaine, and linopirdine were purchased from Tocris; ML133 was a gift of Craig Lindsley, Vanderbilt University, Nashville, TN. All other chemicals used for pharmacological profiling were from Sigma-Aldrich.
Statistics and Analysis. Bar and summary scatter plots were prepared in Prism (GraphPad Software). Significance was determined with Student's t test or ANOVA as indicated. In all cases, data represent the mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
Heterologous expression, mouse genetics, immunocytochemistry, transcriptome analysis, intracellular pH imaging, and other experimental details are described in SI Methods. , a blocker of the taste cell proton conductance, was omitted from the solution, but not when it was included. (B) Average data from experiments as in A at time points indicated by the arrows, normalized against the current magnitude before the application of the pH 6 solution. Asterisks indicate the significant difference compared with pH 6 plus 2 mM Zn 2+ in PKD2L1 cells, or pH 6 alone in TRPM5 cells. (C) Action potential recorded in cell-attached mode from a PKD2L1 taste cell in response to the indicated stimuli. Neither the pH 7.0 stimulus nor a low concentration of AA (0.1 mM of protonated acid) could effectively evoke action potentials, but together they elicited robust firing. (D) Average data from experiments as in C. By two-way ANOVA, there was a significant difference between Ctrl and AA groups (P < 0.01). Asterisks indicate results of Sidak's multiple-comparison test. *P < 0.05, ***P < 0.001. The K + channel can also be inhibited by H + that is shuttled by weak acids. Both the proton entry and the block of the K + channel contribute to membrane depolarization, which drives action potentials and release of neurotransmitter.
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